Objectives. To examine relationships between conventional MRI measures and the paced auditory serial addition test (PASAT) and symbol digit modalities test (SDMT). Methods. A systematic literature review was conducted. Included studies had ≥30 multiple sclerosis (MS) patients, administered the SDMT or PASAT, and measured T2LV or brain atrophy. Meta-analysis of MRI/information processing speed (IPS) correlations, analysis of MRI/IPS significance tests to account for reporting bias, and binomial testing to detect trends when comparing correlation strengths of SDMT versus PASAT and T2LV versus atrophy were conducted. Results. The 39 studies identified frequently reported only significant correlations, suggesting reporting bias. Direct meta-analysis was only feasible for correlations between SDMT and T2LV ( = −0.45, < 0.001) and atrophy in patients with mixed-MS subtypes ( = −0.54, < 0.001). Familywise Holm-Bonferroni testing found that selective reporting was not the source of at least half of significant results reported. Binomial tests ( = 0.006) favored SDMT over PASAT in strength of MRI correlations. Conclusions. A moderate-to-strong correlation exists between impaired IPS and MRI in mixed MS populations. Correlations with MRI were stronger for SDMT than for PASAT. Neither heterogeneity among populations nor reporting bias appeared to be responsible for these findings.
Introduction
Nearly half of multiple sclerosis (MS) patients exhibit impaired cognitive function [1] as assessed by standardized neuropsychological testing [2, 3] . One of the most common cognitive impairments involves information processing speed (IPS), occurring in 22%-25% of patients [3] . The paced auditory serial addition test (PASAT) is the most frequently administered test for assessing IPS in MS [3, 4] . In 1996, the PASAT was included as the sole cognitive measure in the MS functional composite (MSFC) [5] [6] [7] [8] , a performance-based clinical outcome measure used in MS clinical trials. Both the symbol digit modalities test (SDMT) and PASAT were historically included as part of the brief repeatable battery [9] and later in the Minimal Assessment of Cognitive Function in MS (MACFIMS) tool [10] . More recently, the Brief International Cognitive Assessment for MS (BICAMS) recommended use of the SDMT rather than the PASAT for measuring IPS [11] . After nearly two decades of experience, investigators and clinicians have expressed concerns regarding use of the PASAT because it is not well tolerated by patients and is prone to practice effects [12] .
Recently, there has been some discussion of replacing the PASAT with the oral version of the SDMT as the cognitive component of the MSFC [13, 14] . In the most comprehensive comparison of the two measures conducted to date, Drake et al. [14] administered the SDMT and PASAT to 400 MS patients and 100 demographically matched controls; a subset of MS patients ( = 115) was retested 2.1 years later. The two tests were equally adept at discriminating MS patients from healthy controls based on a receiver operating characteristic (ROC) analysis. The test-retest correlations for the PASAT and SDMT were 0.78 and 0.74, respectively. No statistically significant differences were observed in changes of raw test scores over time (39.9 ± 13.5 to 41.9 ± 14.5 for the PASAT; 49.2 ± 11.8 to 48.9 ± 12.2 for the SDMT), suggesting that practice effects may be comparable. These data suggest that the PASAT and SDMT are at least equivalent in terms of sensitivity to IPS deficits in MS, reliability, and degree of practice effects. The SDMT has two major advantages: it is much better tolerated by patients and takes less time to administer (1.5 minutes for the SDMT; 3 minutes for the PASAT). A lingering question is whether the two measures exhibit comparable sensitivity to the underlying brain pathology that may give rise to IPS deficits.
Cognitive impairment is correlated with brain abnormalities as visualized by various magnetic resonance imaging (MRI) techniques [15] . Two of the most commonly derived MRI measures include T2-weighted lesion volume (T2LV) and whole-brain atrophy. As a consequence, there exists a large enough body of literature correlating the PASAT and SDMT with T2LV and atrophy to permit a meta-analysis. The primary goal of this study, therefore, was to determine which of the two IPS measures correlates more strongly with T2LV and atrophy based on a quantitative and qualitative review of the existing literature. A secondary goal was to determine whether T2LV or atrophy is the superior measure of brain pathology for understanding IPS dysfunction in MS.
Methods
A systematic search of the published literature evaluating MRI changes associated with cognitive outcomes in patients with MS was conducted in MEDLINE (via PubMed) and Embase. The search algorithms were limited to articles on human subjects published in English. There was no limit to the year of publication, and the search cut-off was December 1, 2011.
In addition to our review of indexed articles, conference proceedings from the most recent two years (2010 and 2011) were searched using keywords analogous to those used in MEDLINE and Embase. Conference proceedings from the following meetings were reviewed: Consortium of Multiple Sclerosis Centers (CMSC), European Committee for Treatment and Research in Multiple Sclerosis (ECTRIMS), American Committee for Treatment and Research in Multiple Sclerosis (ACTRIMS), and American Academy of Neurology (AAN).
To supplement the above searches and ensure optimal and complete literature retrieval, a manual check of the reference lists of recent systematic reviews and meta-analyses published in the past four years was performed.
Articles were selected for retrieval if they evaluated the use of conventional MRI techniques to report whole-brain measures, including either lesion volumes or counts, or atrophy and reported cognitive outcomes related to IPS. Only publications evaluating at least 30 adult patients with MS were included.
Data reporting correlations were extracted by a single investigator with validation by a second investigator. correlation coefficients ( -values), measures of statistical significance ( values), and mean cognitive scores were captured to evaluate the presence and strength of correlations between MRI measures and IPS performance. If a study stated evaluation of an outcome in the methods section but did not report on a relationship, the results were captured as not reported (NR). If the methods described only reporting significant results and did not report correlations, then data were extracted as not significant (NS).
Details on the cognitive tests also were captured and data were extracted separately for the PASAT 2-and 3-second tests. When correlations were reported between cognitive tests and multiple measures of atrophy, relationships to any whole-brain measure were captured.
Although we included studies assessing patients with any type of MS to evaluate how disease course may affect outcomes, we captured the proportion of patients with each subtype (relapsing-remitting, secondary progressive, primary progressive MS (PPMS), and progressive-relapsing) when reported. In studies where the MS subtype was not specified or patients with multiple subtypes were included, patients were categorized as having mixed MS subtypes.
A three-pronged approach was used to quantitatively analyze data. First, a meta-analysis of MRI/cognitive measures with near-complete data (>77% of studies reporting significant results) was conducted, imputing zero effects when there were missing data. Meta-analyses were conducted on the normalized correlations (i.e., using Fisher's transformation), and the resulting estimates were backtransformed into Pearson correlations. (Note: Fisher's s are roughly equivalent to Pearson correlations for < 0.50 and are almost exactly the same for < 0.30.)
The analyses were stratified by the MS subtypes reported in studies when sufficient data were available. The available data allowed stratifications for RRMS patients and patients with mixed MS subtypes. Optimally, meta-analyses would have been conducted for all measures and all strata, but missing data precluded this approach. However, metaanalyses were conducted, where feasible, to estimate the actual strength of the MRI/cognition relationship. The other prongs tested whether relationships existed but could not estimate the actual strength of those relationships.
The second set of analyses investigated whether significant effects reported between MRI and cognitive measures might be a product of reporting bias. Many studies investigate a large number of MRI and/or cognitive measures but only report results for the significant relationships. We used the Holm-Bonferroni method to determine the number of null hypotheses that could safely be rejected (while preserving a familywise error rate of 0.05) for any given combination of comparisons and MS patient populations [16] . Reject of a study's null hypothesis is rejection of the claim that there is no relationship between MRI measures and cognitive measures in that study. When conducting these procedures, we assumed that if a study did not report on a relationship, the result was not significant (e.g., when the authors of a paper mention they are looking at an outcome in the methods section and never report results or they state they will only report significant results).
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The third set of analyses included a set of binomial tests to detect trends when comparing the SDMT to the PASAT and T2LV and atrophy. For instance, we investigated whether the relationship between the SDMT and T2LV was stronger than the relationship for the PASAT and T2LV across all studies reporting both an SDMT/T2LV and PASAT/T2LV relationship. If the relationship was equally strong, we would expect SDMT/T2LV correlations to be higher in 50% of studies and the PASAT/T2LV correlations to be higher in the other 50%. A preponderance of results in favor of one or the other measure suggests that it is more strongly correlated with the outcome of interest.
Results
The literature search identified 633 unique abstracts, which were assessed for potential inclusion. One-hundred sixtyeight abstracts were selected for retrieval and further assessment as full-text articles. Of those 168 articles, 130 studies were excluded during the full-text review as these publications did not meet the study inclusion criteria. Further details of study attrition are depicted in Figure 1 . Thirty-nine studies reporting correlations between the PASAT and SDMT IPS measures and MRI assessments were identified for inclusion and analysis in this review [13, [13, 17-20, 22, 24, 25, 27, 30, 33, 34, 39, 40, 45, 47, 50, 51] ). Depiction of the full extracted data on the relationships between the individual MRI measures and each cognitive test are available in Supplementary Tables 1,  2 , and 3 as an online appendix (see Supplementary Material available online at http://dx.doi.org/10.1155/2014/975803). In studies evaluating T2LV and PASAT, half of the studies evaluated RRMS patients and the remaining half evaluated mostly mixed MS populations with a small number of studies identified as benign MS or clinically isolated syndrome (CIS) patients. Similar proportions of MS subtypes were observed across studies reporting correlations between T2LV and SDMT as half of the studies evaluated mixed-disease-course patients and the remaining studies evaluated homogeneous populations on relapsing-remitting MS (RRMS), benign MS, or probable MS. Studies tended to report only significant correlations between IPS measures and MRI outcomes, suggesting reporting bias. Data were sufficient to conduct metaanalyses on pure RRMS populations and studies evaluating a mix of MS subtypes. A pooled meta-analysis of all studies was not conducted. However, the Holm-Bonferroni procedure was used to conduct significance testing on the relationship between MRI measures and IPS across all studies [16] .
SDMT and MRI Measures.
There was a consistent relationship between the SDMT and whole-brain MRI measures, a relationship that was strongest in mixed MS populations.
Eighteen studies meeting criteria to analyze the relationship between SDMT and T2LV and 18 studies for SDMT and brain atrophy were identified, though six studies from each comparison did not report correlations.
In studies evaluating RRMS patients, there was a significant relationship between SDMT and T2LV, with reported correlations ranging from weak ( = −0.22) to strong ( = −0.51). Five [13, 24, 30, 45, 50] of the seven [13, 18, 24, 30, 45, 47, 50] studies (71.4%) assessing RRMS patients reported significant correlations. In patients with a mix of MS subtypes, a moderate-to-strong correlation was observed between SDMT and T2LV as -values ranged from −0.45 to −0.89. Seven [20, 22, 27, 33, 34, 39, 51] of nine [20, 22, 25, 27, 33, 34, 39, 40, 51] studies (77.7%) assessing patients with mixed MS subtypes reported correlations between SDMT and T2LV, six of which were significant [20, 22, 27, 33, 34, 39] and one in which the significance was not reported [51] . These seven studies were eligible for meta-analysis due to the reporting of near-complete data. In meta-analyzing the relationship between SDMT and T2LV in mixed MS patients, zeros were imputed for two studies [25, 40] that did not report correlations, resulting in an estimate of = −0.45, < 0.001; meta-analysis results are depicted in Figure 2 . Standard tests of statistical heterogeneity and for publication bias were not applicable due to the imputations.
Studies evaluating atrophy and SDMT found a moderateto-strong correlation between these two variables as -values ranged from −0.40 to −0.73, indicating that greater atrophy was associated with poorer SDMT performance. All 10 studies [20-23, 25, 27, 33, 34, 39, 54] assessing patients with mixed MS subtypes reported correlations, eight of which were significant [20-23, 27, 33, 34, 39] and one [25] in which the statistical significance was not reported. In studies on RRMS patients, only two [21, 24] of seven [13, 18, 21, 24, 30, 47, 48] studies reported significant correlation between brain atrophy and SDMT. The nine studies [20-22, 25, 27, 33, 34, 39, 54] reporting correlations in the patients with mixed MS subtypes were meta-analyzable, and one study (which reported a significant effect) could not be included due to the nature of the reported effect [23] . A direct meta-analysis of the correlations in the nine studies found a strong mean correlation between SDMT and brain atrophy in patients with mixed MS subtypes ( = −0.54, < 0.001) and there was no sign of statistical heterogeneity ( = 0.18) or publication bias ( = 0.30), demonstrating that the correlations between atrophy and SDMT were consistent across the nine papers examining these outcomes. Meta-analysis results for this correlation are depicted in Figure 3. 
PASAT and MRI Measures.
There was a consistent relationship between the PASAT and whole-brain MRI measures, which was strongest between PASAT and brain atrophy. Twenty-two studies (with 23 significance tests) that met the criteria to analyze the relationship between PASAT and T2LV and 24 studies for PASAT and brain atrophy were identified, though 10 and 11 studies did not report significant correlations, respectively.
In studies evaluating RRMS patients, the relationship reported between PASAT and T2LV varied from weak to strong, with -values ranging from −0.10 to −0.40. However, Sanfilipo (2006) Lazeron (2005) Lazeron (2000) Houtchens (2007) Hohol ( In RRMS patients, a moderate correlation was reported between atrophy and the PASAT test in half of studies ( -values ranged from −0.30 to −0.40); the remaining half of studies ( = 5) did not report significant results. In populations with mixed MS subtypes, correlations between atrophy and the PASAT were consistently strong, withvalues ranging from −0.43 to −0.59. Seven [20, 23, 27, 33, 34, 39, 54] of the 11 [20, 23, 25, 27, 29, 31, 33, 34, 39, 49, 54 ] studies (63.6%) assessing patients with a mix of MS The most significant value in an analysis had to be lower than the threshold in order to reject any null hypotheses. Reported values are assumed equal to the maximum possible, for example, < 0.01 is tested as = 0.01. Where multiple values are reported for the same relationship (possibly adjusted versus unadjusted), the most insignificant value was used. Number of studies with RRMS + Mixed only do not necessarily sum to total studies, as some studies had a 100% SPMS or benign MS population. "Number of tests" strongly corresponds to number of studies; rarely, studies had data on subgroups that could not be combined. MRI: magnetic resonance imaging; PASAT: paced auditory serial addition test; RRMS: relapse-remitting multiple sclerosis; SDMT: symbol digit modalities test; T2LV: T2-weighted lesion volume; NS: not significant.
subtypes reported significant correlations. Meta-analyses on relationships between PASAT and the MRI measures were not possible due to a high proportion of missing data in studies. However, the Holm-Bonferroni method was used to conduct familywise testing. The results of this test suggest confirmed relationships for four of the six studies reporting significant relationships between PASAT and T2LV. The results of the test can be found in Table 1 .
Atrophy and SDMT versus Atrophy and PASAT.
The correlation between atrophy and SDMT was stronger than that between atrophy and PASAT. Seventeen studies evaluated the relationship between T2LV and the SDMT and PASAT cognitive tests. The relationship was strongest in populations with mixed MS subtypes. In mixed MS patients, the magnitude of the correlations between brain atrophy and PASAT ranged from = −0.24 to −0.67, and correlations between brain atrophy and SDMT ranged from = −0.40 to −0.73. Significant results were reported in all seven studies [20, 25, 29, 33, 34, 39, 54] evaluating patients with a mix of MS subtypes. In RRMS patients, only two [24, 33] of seven [13, 18, 24, 30, 33, 47, 48 ] studies reported significant correlations. A longitudinal study conducted in RRMS patients found a strong correlation between the change in brain volume and change in PASAT score over one year ( = 0.64) and an even stronger correlation between the change in brain volume and change in SDMT score over the same period ( = 0.75) [33] . In the second study, a significant correlation was found between atrophy and SDMT or PASAT ( > 0.4 for both) in only patients with high educational levels (those with at least 12 years of education) [24] .
T2LV and SDMT versus T2LV and PASAT.
There was a stronger correlation between T2LV and the SDMT than T2LV and the PASAT in both RRMS patients and studies with a mix of MS subtypes. Seventeen studies evaluated T2LV, SDMT, and PASAT, but only 52% reported values for correlations between the MRI measure and both cognitive tests. In patients with mixed MS subtypes, the magnitude of the correlations between T2LV and PASAT ranged from = −0.23 to −0.58, and correlations between T2LV and SDMT ranged from = −0.45 to −0.66. Significant results were reported in 57.1% (four out of seven) of studies evaluating patients with mixed MS subtypes. In RRMS patients, only four of seven [24, 30, 45, 50] studies (71.4%) reported significant correlations, which ranged from −0.10 to −0.34 between T2LV and PASAT, and four of seven studies (57.1%) reported significant correlations ranging from −0.22 to −0.51 between T2LV and SDMT.
Comparisons between the PASAT 2-and 3-Second Tests.
There was no apparent trend showing that the results for either the PASAT 2-second or the 3-second test were more strongly correlated with T2LV or brain atrophy. Nine studies reported correlations between T2LV and both the PASAT 2-and 3-second tests [18, 24, 27, 30, 39, 45, [47] [48] [49] and seven studies reported correlations between T2LV and both the PASAT 2-and 3-second tests [27, 30, 39, [47] [48] [49] . In studies that reported significant results for both tests, similar correlations were observed.
Comparisons between Brain Atrophy and T2LV.
There was no evidence that either T2LV or atrophy was more strongly correlated with PASAT score. Similarly, there was no evidence that either T2LV or atrophy was more strongly correlated with SDMT results. The value for binomial tests conducted to determine whether one set of correlations was stronger than the other (T2LV and PASAT versus atrophy and PASAT) that was 0.72 and (T2LV and SDMT versus atrophy and SDMT) and 0.13 for the respective comparisons, demonstrating that there was no evidence of a trend in favor of one MRI measure over the other.
Discussion
This is the first systematic review conducted to date on studies assessing the relationship between whole-brain conventional MRI measures and IPS dysfunction in MS. Several conclusions can be drawn from this meta-analysis. First, moderateto-strong correlations exist between impaired conventional MRI measures of lesion volume and atrophy and psychometric performance on IPS measures in populations with a mix of MS subtypes. Second, evidence of a relationship in RRMS-only patients is sparse. Third, correlations with both MRI measures were stronger for the SDMT than for the PASAT. Finally, correlations between IPS measures and T2LV or atrophy were of roughly equal. These findings do not appear to be the result of study and population heterogeneity or reporting bias. These results provide additional validation for replacing the PASAT with the SDMT as the sole measure of cognition in the MSFC. Our review indicates that the SDMT is superior to the PASAT in correlating with underlying brain pathology as measured by conventional MR measures. Not surprisingly, the SDMT was recently selected as the sole measure of cognition to be included in all studies funded by the National Institute of Neurological Disorders and Stroke [55] .
A surprising result is the lack of evidence that T2LV and whole-brain atrophy have different sensitivities to IPS dysfunction. Several investigators (e.g., Benedict et al., 2004 ) [56] have suggested that atrophy provides a better indicator of cognitive performance than white matter lesion volume. Our review does not support this hypothesis. It is important to note that our review emphasized whole-brain atrophy and IPS measures. It is conceivable that if we included regional atrophy measures or other cognitive functions (e.g., episodic memory), our results may be different.
When evaluating correlations by disease state, moderateto-strong relationships were consistently reported in patients with mixed MS subtypes compared to RRMS patients in studies evaluating atrophy and SDMT or PASAT as well as T2LV and SDMT or PASAT. It is possible that this is in part a "restriction-of-range" issue with regard to disease severity and cognitive function. Patients in mixed-MS studies will generally have a greater range of both disease severity and cognitive ability, which will make it easier to detect relationships between the two. While there was a great deal of missing data on these two factors, there was evidence to suggest that patients in mixed-MS studies had a higher level of cognitive decline.
There was a paucity of data reported on the CIS, SPMS, and PPMS populations as most studies identified in this review evaluated a purely RRMS population or a mixed-MS disease course population. In the few studies identified on these MS subtypes, a clear relationship could not be determined between MRI measures and information processing performance, as measured by the SDMT and PASAT. There may be factors associated with these less common subtypes that affect the relationship between these variables, as in many cases we observed stronger correlations between MRI characteristics and cognitive status among patients with a mix of MS subtypes compared with RRMS patients. The differences in disease duration and disability status also may affect the relationship between these variables as patients with more advanced disease may experience a greater degree of cognitive impairment.
In general, study populations were somewhat heterogeneous in respect to both the patient populations and disease measurements. Studies differed in the specific way atrophy was measured and controlled for different variables; however, when capturing data we did not use correlations for which endogenous variables, such as depression, were controlled for. Measures of atrophy were diverse, while the proportion of patients with cognitive impairment was not consistently reported in studies. This heterogeneity impacts the generalizability of meta-analysis results. If a more homogenous population were available, results may differ.
Several methodological issues should be highlighted. First, the high prevalence of reporting bias among the studies limits the number of analyses that were possible to assess the strength of correlations between MRI and cognitive measures. Many studies investigated more than a dozen cognitive outcomes and/or MRI outcomes, and numeric estimates of strength were only reported for those with significant results. Thus, we were often not able to estimate the strength of a relationship; however, by adopting the conservative assumption that any given unreported relationship was not significant due to reporting bias, we were able to test global null hypotheses through the Holm-Bonferroni procedure.
Tied to the reporting bias is the fact that many of the smaller studies (e.g., < 50) had low power to detect significant effects. The smaller the sample size, the greater the chance that unless a given relationship had a high correlation ( ≥ 0.40), it would be unreported, especially if the authors had many different MRI and cognition measures to discuss.
As noted, the high proportion of missing data on correlations (ranging from 33% for SDMT/T2LV to 46% for atrophy/PASAT) precluded a robust numeric estimation of mean correlations between all MRI measures and cognitive measures. Meta-analyses were only possible on the relationship between SDMT and T2LV and SDMT and brain atrophy.
We also note that some studies reported only correlations for an overall battery of measures, such as the Brief Repeatable Battery, where results were only reported as a composite score rather than correlations for individual tests. In these cases, the assessment of the relationship between 7 cognitive measures and SDMT or PASAT was prohibited. Finally, exploring tests measuring performance for the other cognitive domains may yield different results regarding the strength of correlations as this review focused on SDMT and PASAT.
Conclusions and Clinical Implications
This systematic review and meta-analysis provides additional justification for replacing the PASAT with the SDMT as the sole measure of cognition in the MSFC. The finding of equivalent correlations of IPS measures with T2LV and brain atrophy has clinical implications. Severity of atrophy is often difficult to perceive without quantitative assessment and statistical correction for age. In contrast, the severity of T2LV can be readily appreciated by an experienced MS clinician. High white matter lesion load, therefore, would increase the suspicion that the patient is experiencing IPS dysfunction and could prompt a referral for neuropsychological assessment.
